N-doped TiO 2 nanotube arrays were prepared by electrochemical anodization in glycerol electrolyte, followed by electrochemical deposition in NH 4 Cl solution. An orthogonal experiment was used to optimize the doping conditions. Electrolyte concentration, reaction voltage, and reaction time were the main factors to influence the N-doping effect which was the determinant of the visible range photoresponse. The optimal N-doping conditions were determined as follows: reaction voltage is 3 V, reaction time is 2 h, and electrolyte concentration is 0.5 M. The maximal photocurrent enhanced ratio was 30% under white-light irradiation. About 58% improvement of photocatalytic efficiency was achieved in the Rhodamine B degradation experiment by N doping. The kinetic constant of the N-doped TNT arrays sample was almost twice higher than that of the undoped sample. Further analysis by X-ray photoelectron spectroscopy supported that electrochemical deposition is a simple and efficient method for N doping into TiO 2 nanotube arrays.
Introduction
Since the discovery of water photolysis on TiO 2 electrode by Fujishima and Honda in 1972 [1] , TiO 2 has been extensively studied. It is one of the most promising oxide semiconductors for photoelectrochemical applications, particularly due to its low cost, nontoxicity, and stability against photocorrosion. In contrast to nanoparticle, highly ordered TiO 2 nanotube (TNT) arrays not only have high surface-tovolume ratios and adsorptive capacity, but also have good photocatalytic properties and high photoelectrical conversion efficiency. Also, the nanotubes produced by anodization can permit a careful control over their nanotube diameter, layer thickness, and wall thickness, obtaining structures vertically oriented from the surface. So the TNT arrays have widespread application prospect in dye sensitization solar cells, sensors, hydrogen generation by water photoelectrolysis, photocatalytic degradation of pollutants, and biomedicines [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
However, due to the comparably large bandgap (anatase, Eg ∼ 3.2 eV), TiO 2 can only respond to UV light irradiation (λ < 380 nm) which possesses about 4% of the solar spectrum. This greatly limits its application prospects. To overcome this problem, two different strategies have been typically taken: element doping and surface modification. Asahi et al. reported that improved photocatalytic activity of TiO 2 under visible light irradiation can be achieved by nitrogen doping [12] . Since then, many preparation methods, such as ion implantation, hydrothermal, chemical vapor deposition, chemical liquid deposition, and anodic oxidation of Ti/N alloy [13] [14] [15] [16] [17] [18] [19] , have been reported to dope nitrogen into TiO 2 using different N-doped precursors to enhance the photoelectrochemical properties of TiO 2 . However their doping effects are contradictory, and the underlying mechanisms are also lack of a consensus.
In our previous work, we reported the successful controllable growth of highly ordered TiO 2 nanotube arrays by adjusting the anodization voltage and duration [20] . In this paper, we investigate a simple and efficient nitrogen-doping approach, that is, electrochemical deposition. Despite the vast reports on TNT arrays, there is little research on the influence of doping parameters on electrochemical nitrogendoping process. Thus, we take an orthogonal experiment to optimize the doping conditions in order to obtain an excellent visible range photoresponse. Then, the N-doping 2 International Journal of Photoenergy 
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Approach. The as-prepared TiO 2 nanotube arrays (on Ti sheet) were used as the cathode and platinum as the anode. The electrolyte was NH 4 Cl solution.
The distance between two electrodes was kept at 2.5 cm. The electrochemical deposition process was performed at different potentials for various reaction durations. Then, the sample was taken out and rinsed with DI water. Thermal annealing was performed in ambient air at 450 • C for 3 h. An orthogonal experiment was used to investigate the optimal doping condition. As seen from Table 1 , the doping experiments were carried out with 3 factors and 3 levels, namely, electrolyte concentration (0.5, 1, and 1.5 M), reaction voltage (1, 2, and 3 V), and reaction time (1, 2, and 3 h), respectively. The range of each factor level was determined based on the results of preliminary experiments. The photocurrent enhancement ratio of the doped samples under visible light irradiation relative to the undoped sample was used as the dependent variable to determine the optimal doping condition.
Morphology and Structure Characterization of TNT
Arrays. The morphologies of the as-prepared samples were observed using a field-emission scanning electron microscope (FESEM, Hitachi, S-4800) and their crystalline phase was identified using an X-ray diffraction (XRD, Bruker AXS, D8 Advance) technique. The surface chemical composition of the samples was analyzed by X-ray photoelectron spectroscopy (XPS, PHI-5300) with Al Kα radiation source. The absorption properties of the samples were recorded using a diffuse reflectance UV-vis spectrometer (Persee, TU-1901) with the wavelength range between 250 and 750 nm.
Photoelectrochemical and Photocatalytic
Properties. Photocurrent densities were measured using an electrochemical workstation (Zahner, Zennium) in a standard threeelectrode configuration with a platinum foil as the counterelectrode, a saturated calomel electrode (SCE) as the reference electrode, and the TNT arrays sample as the working electrode. 1 M KOH was used as the electrolyte. A selfcontained white light source with intensity of 12 mW/cm 2 was utilized as an excitation source (dominant wavelength: 553 nm, half intensity line width: Δ119 nm).
To compare the photocatalytic activity of the undoped and N-doped TiO 2 photocatalysts, photocatalytic degradation experiments were performed. Rhodamine B (Rh B) was chosen as a target compound. The initial concentration of the dye was 5 mg/L and the pH value of the Rh B solution was 7. A 500 W xenon lamp was used to produce the simulated sunlight. Before the photocatalytic degradation, the photocatalyst (3.0 cm × 1.5 cm) was soaked in 10 mL Rh B solution for 30 min to establish the adsorption/desorption equilibrium. The concentration of Rh B was then determined at 554 nm every 30 min by the UV-vis spectrophotometer (Persee, TU-1901). The blank test was also carried out by irradiating Rh B solution without TiO 2 photocatalyst for checking the self-photolysis of Rh B. Figure 1 shows FESEM images of the undoped and N-doped TNT arrays samples. Since the morphologies of all the N-doped TNT arrays samples are similar, we chose a representative sample, with the reaction voltage of 3 V, reaction time of 3 h, and electrolyte concentration of 0.5 M, to make the results more clear and simple. The obtained nanotube arrays show highly ordered and vertically oriented morphology with inner diameter approximately 140 nm, and the nanotube length is about 2.1 μm. It can be clearly seen that the nanotube arrays keep its structural integrity after the nitrogen doping electrochemical process.
Results and Discussion

SEM Analysis.
XRD Analysis.
The XRD patterns of the as-prepared TNT arrays sample, the annealed undoped sample, and the annealed N-doped TNT arrays sample are shown in Figure 2 . The as-prepared TNT arrays film exhibits an amorphous structure with the existence of only typical diffraction peaks of metallic titanium. Hence, the annealing process is necessary to transfer the amorphous TiO 2 film into a wellcrystallized phase. Upon thermal annealing the samples at 450
• C for 3 h, two anatase diffraction peaks at 25.5
• (101), and 48.1
• (200) can be clearly observed, indicating that the TNT arrays samples had been crystallized. In addition, the undoped sample has more obvious rutile peaks than the Ndoped sample. This suggests that the phase transition from anatase to rutile during annealing might be inhibited by the incorporation of N dopant in the TiO 2 lattice [17] . the visible light region is observed for the N-doped sample. The broad absorption peaks between 400 and 600 nm are attributed to the subbandgap states of the TNT arrays due to the special nanotube structure [21] , which makes it difficult to accurately determine the UV-vis absorption for the pure TNT arrays. So, further photoeletrochemical characterization and measurements should be performed to clarify the N-doping effects.
UV-Vis Absorption Spectroscopic Analysis.
Photoelectrochemical Property and Orthogonal Test
Results. The photocurrent response measurements were performed under visible light pulsed irradiation to investigate the photoinduced charge separation efficiency of the undoped and N-doped samples. The results are shown in We can see that the highest photocurrent of the N-doped TNT arrays (0.316 μA/cm 2 ) is much higher than the undoped sample, which is 0.243 μA/cm 2 . However, as well known pure TiO 2 can only respond to UV light, as the excitation source (dominant wavelength: 553 nm, half intensity line width: Δ119 nm) contains a little UV light, the undoped sample got a small photocurrent. Higher photocurrent means more photoinduced carriers can transfer from N-doped TNT to the counterelectrode via external circuit. The photocatalytic activity of titania greatly depends on the electron-hole transfer ability [22] . Therefore, it can be expected that the X2 (reaction voltage: 1, 2, and 3 V), and X3 (reaction time: 1, 2, and 3 h) are listed in Table 1 . To compare the N-doping effect more clearly, the photocurrent enhancement ratio of the N-doped samples relative to the undoped one was chosen as the dependent variable. The analysis results of the orthogonal experiment are presented in Table 2 . Although the maximum photocurrent enhancement ratio was 30%, we cannot choose the corresponding extraction condition as the best condition. In view of orthogonal analysis, we calculated the values of K and R. K i (i = 1, 2, 3) is the average of the sum of photocurrent enhancement ratio for certain factor at level i, and R refers to the result of extreme analysis. According to the R value, the factors which influence the photocurrent enhancement ratio are listed in a decreasing order: B > C > A. Based on the K value, we can see that the photocurrent enhancement ratio decreases with increasing electrolyte concentration. When the reaction voltage is 3 V, the enhancement ratio has the maximum value. And the photocurrent enhancement ratio increases with the increasing reaction time and reaches the peak value at 2 h and then drops from 2 to 3 h. So, with respect to the photocurrent enhancement ratio, the optimal condition is obtained when electrolyte concentration, reaction voltage, and reaction time are B 3 C 2 A 1 , that are 3 V, 2 h and 0.5 M, respectively. However, according to the K value, the difference between 2 and 3 h is very little, and the reaction time is relatively secondary factor, so we chose the sample, with the reaction voltage of 3 V, reaction time of 3 h, and electrolyte concentration of 0.5 M, to perform further characterization and measurements.
Photocatalytic Activity.
In order to further study the Ndoping effect, the photocatalytic activity of the undoped and N-doped TNT arrays samples was studied using the degradation of Rh B solution, and the results are shown in Figure 5 . Direct photodegradation ability was also studied, and only less than 4% of Rh B was decomposed. After 3.5 h visible light irradiation, the Rh B degradation efficiencies were determined as 16% and 25.7%, for the undoped and N-doped TNT arrays samples, respectively. The doping conditions are reaction voltage 3 V, reaction time 3 h, and electrolyte concentration 0.5 M. About 58% improvement of photocatalytic efficiency is achieved by N doping. The apparent first-order kinetic equation is ln(C 0 /C) = kt, where k is the reaction rate constant, t is the irradiation time, and C 0 and C are the initial and reaction concentrations of Rh B aqueous solutions, respectively. The variations in ln(C 0 /C) as a function of irradiation time are given in Figure 5 (b). It can be seen that the Rh B photodegradation clearly obeyed the first-order reaction kinetics. And the apparent rate constant k of the TiO 2 nanotube photocatalyst is significantly higher than that of Rh B photolysis, indicating that TiO 2 plays an important role in the photocatalytic process. The k value of the undoped TNT arrays sample is 0.04877 h −1 , while the reaction rate constant of the Ndoped sample is 0.08271 h −1 . The kinetic constant of the N-doped sample is almost twice higher than that of the undoped sample, suggesting that its photocatalytic activity driven by visible light can be enhanced by the electrochemical N-doping deposition method.
XPS Analysis.
The elemental composition of the N-doped TNT arrays sample was determined by XPS. Figure 6 (a) shows that the surface of the TNT arrays is composed of Ti, O, C, and N elements. The residual carbon from electrolyte and adventitious element carbon may cause the presence of C element [23] . From Figure 6 (b), it can be seen that Ti 2p 3/2 core level appears at 458.6 eV. The binding energy in the N-doped TNT arrays sample is lower than the undoped sample (458.7 eV, not shown here), suggesting that TiO 2 lattice is modified due to N-substitution [24, 25] . Oxygen 1s core level peak appears around 530 eV, as shown in Figure 6 (c). A feature extending to higher binding energy at about 532 eV is clearly visible, suggesting the presence of another type of oxygen due to the more covalent nature of the N-doped TNT arrays sample. This might be due to the presence of oxygen and nitrogen from the same lattice units in TiO 2 [25] . Figure 6(d) shows the XPS spectrum of N 1s core level of the N-doped TNT arrays. Only a single peak at about 400 eV can be found, which was due to the N − anion incorporated in the TiO 2 as N-Ti-O structural feature [24] [25] [26] [27] . This is in good agreement with the XPS findings by Chen et al. [24] and Sathish et al. [25] .
Conclusions
Nitrogen-doped TiO 2 nanotube arrays were prepared by a simple electrochemical deposition method. By comparing the FESEM images of undoped and N-doped TNT, the TiO 2 nanotube arrays kept their structural integrity with inner diameter approximately 140 nm and length about 2.1 μm.
The XRD patterns suggest that the N doping might suppress the anatase-rutile phase transition. A systematic research of the doping conditions was made through an orthogonal experiment. The experimental results indicate that the effect of reaction voltage is dominant, and the next factors are reaction time and electrolyte concentration, respectively. The optimal N-doping condition was then determined as follows: reaction voltage is 3 V, reaction time 2 h, and electrolyte concentration 0.5 M. Both the photoelectrochemical properties and photocatalytic activity under visible light irradiation were enhanced after N doping into TiO 2 nanotube arrays. XPS results indicate that the nitrogen element could be successfully doped into TiO 2 lattice, leading to visible light response. This, thus, supports the practicability of the electrochemical deposition method using for element doping into TNT arrays.
